Introduction
The patient specific geometry of the heart is of interest for a number of diagnostic methods, e.g., when modeling the inverse electrocardiography problem. One approach to get images of the beating heart is three-dimensional ultrasound. Recently, a number of segmentation algorithms have been published [1] . Often these methods work on two-dimensional ultrasound and are validated against manually drawn contours. This requires considerable expert knowledge and is time-consuming. Other approaches have been to use digital or simplified twodimensional phantoms [2, 3] . Digital phantoms can be geometry or voxel based, with the latter typically representing the actual patient anatomy, e.g., obtained by MRI or CT. While CT images and models of ultrasound imaging can also be used to generate synthetic images [4] , it is not clear whether all effects are represented in the resulting image data. To extend the work presented in [4] , we propose an approach to generate an actual phantom from a cardiac CT data set. We illustrate how the known surface geometry and the ultrasound images can be registered to provide the ground truth for evaluating segmentation methods. Results for a three-dimensional region-based active contour algorithm show that the approach is useful when studying cardiac surface segmentation.
Methods
Initially, we generated a surface model of a human heart based on CT image data. To obtain a convex shape, we cut the resulting geometry below the valves to retain the ventricular surface. Then, the surface was used to create a Figure 1 . Subsequently, a gelatin phantom was created, and the points where the diagonals of the mold surface intersected the gelatin surface were highlighted with metal pins, as illustrated in Figure 2 . The Figure also shows the setup with a 3D ultrasound probe (GE vivid 7 with 3-V probe) used to acquire the image data. The position of the pins is defined with respect to the mold, and it is manually identified for the ultrasound images, where the pins result in clearly visible echoes. Based on the coordinates of the points with respect to mold and with respect to the ultrasound volume the respective transformation is established. To illustrate the potential use of the method, the ultrasound image was segmented using a 3D extension of the region-based active contour approach presented in [5] . Two overlapping ellipsoids were manually placed inside the ultrasound volume for initialization. The resulting surface was compared to the known surface of the mold. We discretized the volumes for both, segmented and ground truth surfaces. The Dice similarity was employed as a performance assessment metric for the segmentation algorithm. The Dice similarity was computed as follows:
where S represents the voxels of the segmentation result and G represents the voxels of the corresponding ground truth. The volume error (see Eq. 2) was used as another performance assessment metric to evaluate the segmentation algorithm.
Results
The registered ultrasound image and mold surface are shown in Figure 3 , and visually agree well, although the surface is marked by typical wide echoes in the ultrasound. Also illustrated is the overlay of the mold surface with the surface resulting from ultrasound segmentation. Figure 4 shows the overlay of the mold and the 0, 2, and 4 level set of the segmentation result. The zero level set is underestimating the actual surface. Table 1 shows the quantitative performance assessment of the segmentation method. The Dice overlap ratio and volume error of the 2 level set are the best. Negative values indicate that the segmented results are smaller than the ground truth. 
Discussion
We have demonstrated that the use of an actual ultrasound phantom may help evaluating methods for surface segmentation. The results indicate that the fairly wide echoes along the phantom's boundary may lead to an underestimation of the true surface. Note that this also complicates manual segmentation and hence an approach based on the known shape of the boundary is preferable.
Clearly, there remain a number of limitations of the proposed method. The registration between mold and ultrasound image is based on manual identification of the metal pins in the images. Moreover, the shape of the phantom may change slightly after removing it from the mold and placing it into the water, although we did not notice a difference when fitting the gelatin to the mold after experiments. Finally, the current method only allows convex shapes, i.e., we cannot create a phantom of the whole heart. However, this may be possible by combining two convex shapes, and we are also considering a 3D printed phantom made of elastic materials. Given that the image quality of three-dimensional ultrasound probes is typically relatively low, the proposed approach presents a way to evaluate segmentation methods in a realistic setting.
